Introduction
Follicular lymphoma (FL) constitutes the most common indolent B cell lymphoma, with an incidence and prevalence of approximately 14,000 and approximately 100,000 cases, respectively, in the US (1) . FL remains incurable with conventional therapies, and most patients receive multiple treatment regimens during the course of their illness. The development of targeted FL-directed therapies is in the early stages (2) (3) (4) (5) (6) (7) (8) , and the identification of novel targets remains a research priority.
An expanding group of recurrently mutated genes has recently been shown to underlie the pathogenesis of FL (KMT2D [also known as MLL2], CREB-binding protein [ , those encoding components of the v-ATPase, and others), and some of these may afford novel opportunities for the development of targeted therapy (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . The rational design of such targeted therapies necessitates an in-depth understanding of the effects of mutations on the gene product and the consequences for cellular function.
The identification of mTOR-activating mutations in the small G protein RRAGC, a component of the amino acid signaling pathway to mTOR, has highlighted a potential opportunity to target this pathway in FL (24) (25) (26) . Upstream of RRAGC in this pathway lies the multisubunit vacuolar-type H + -translocating ATPase (v-ATPase) (27) (28) (29) , which has also been identified as a commonly mutated target in FL (18, 24, 30) . However, a comprehensive functional analysis of the consequences of point mutations in the various v-ATPase subunits has not been reported, and it remains unclear why FL among all B cell non-Hodgkin lymphomas would uniquely select for such mutations.
In this study, we examined the effect of mutations in the ATP6V1B2 subunit of the v-ATPase on mammalian cell physiology. In addition, we took advantage of the conserved nature of the v-ATPase and generated a similar mutation in the yeast VMA2 gene (31) , allowing us to carry out certain assays that are not available in more complex eukaryotes. Together, the results indicate that the mutant human ATP6V1B2 subunit (also known as the Vma2 subunit in yeasts) results in compromised v-ATPase activity, causing an upregulation of macroautophagy (referred to hereafter as autophagy) and autophagic flux. Even though there was an increase in autophagy, these cells continued to display activity for mTOR/ TOR, a major negative regulator of autophagy. These data suggest that it is possible to uncouple the amino acid status of the cell (which is affected by autophagy and which regulates mTOR) and mTOR-dependent control of autophagy. In support of the physiological relevance of these findings, we show that one of the consequences of mutations in ATP6V1B2 is the ability of lymphoma cells to grow and survive under reduced leucine concentrations. This acquired ability to survive under nutrient stress is likely involved in the outgrowth of mutated FL cells and suggests opportunities for therapeutic interventions. Our findings highlight the potential for such interventions, as we demonstrated preferential sensitivity of ATP6V1B2 mutant primary FL B cells to inhibition of autophagic flux. In summary, our data provide insights into the role of macroautophagy and mutations in the v-ATPase in FL pathogenesis. 
Results
The spectrum of ATP6V1B2 mutations in 144 FL and 14 transformed FL cells. Recent reports of relatively frequent mutations in the v-ATPase subunit ATP6V1B2 in FL, and mTOR-activating mutations in RRAGC, along with findings of involvement of both proteins in a lysosomal amino acid-sensing pathway to mTOR, prompted us to study the underlying biology of these mutations (18, 24, 25, 27, 30) . We first determined the frequency and nature of ATP6V1B2 mutations in 144 FL and 14 transformed FL (t-FL) cells using direct Sanger sequencing. We identified a total of 10% (16 of 158) of cases with nonsynonymous ATP6V1B2 mutations, 3 of which occurred in t-FL cases. The most common mutations in ATP6V1B2 were located in the previously reported amino acid hotspots p.Y371Y>Y/C (n = 5) and p.R400R>R/Q (n = 8). In addition, we detected the mutations p.D367E>D/E, p.R400R>R/W, and p.R471R>R/S ( Figure 1A ). We found that clonal mutations in RRAGC and ATP6V1B2 in FL did not occur together, suggesting that the corresponding proteins have overlapping functions in a shared pathway (see below) (24, 25) .
FL-associated mutations in ATP6V1B2 are located at the dimer interface with ATP6V1A. We modeled the location of the ATP6V1B2 hotspot mutations p.Y371Y>Y/C and p.R400R>R/Q on the published cryoelectron microscopy model of the yeast v-ATPase (32) (the human ATP6V1B2 protein has 77% sequence identity to its yeast counterpart). We found that both ATP6V1B2 hotspot mutations are located at the interface of the 2 subunits that correspond to the human/yeast v-ATPase subunits ATP6V1A/Vma1 and ATP6V1B2/Vma2 ( Figure 1B) . Zhao et al. recently reported that the v-ATPase in yeast exists in 3 states (open, loose, and tight) and that these states are linked to enzymatic activity, ATP-ADP binding, and signaling to the Vma3 subunit for proton translocation into the organelle lumen (32) . The 3 conformations are thought to bind ATP, ADP, and phosphate, and no nucleotide, respectively. We found that yeast Vma2 residues Y352 and R381 (homologous to the FL-associated ATP6V1B2 hotspot mutations p.Y371Y>Y/C and p.R400R>R/Q) undergo significant conformational changes from one catalytic (I-K) The S. cerevisiae strain WLY176 was used to generate a Vma2 R381Q -HA-knockin point mutation in the genome. Autophagy activity was measured with or without nitrogen (N) using (I) a GFP-Atg8 processing assay, (J) an Atg8 lipidation assay, and (K) a Pho8Δ60 activity assay. (K) **P < 0.01 and ***P < 0.001, by unpaired, 2-tailed t test. Error bars indicate the SD. SD-N, synthetic starvation medium with glucose, but lacking nitrogen. Figure 2K ). Furthermore, we observed a similar increase in autophagy activity during nitrogen starvation in a strain carrying both a WT and R381Q-mutant version of the VMA2 gene (Vma2-HA WT/R381Q), a situation aimed at mimicking the heterozygous mutations occurring in FL tumors (Supplemental Figure 2, A and B) . Together, these data show that the mutation R381Q in Vma2 increases autophagy activity, similar to the result seen with mutant ATP6V1B2 in mammalian cells.
FL-associated ATP6V1B2-mutant proteins activate mTOR. mTOR is the major regulator of cellular metabolism and a negative regulator of autophagy (44) (45) (46) . We hypothesized that mutations in the v-ATPase resulted in reduced degradation of lysosomal proteins and reduced release of amino acids from the lysosome, which would decrease mTOR activity (47, 48) ; this prediction would fit with the increase in autophagy activity.
HEK293T cells have been extensively used in the functional characterization of components of the v-ATPase/Ragulator/ RRAGA/-B/-C/-D/mTOR pathway (27, 49, 50) . In doxycycline-inducible stable HEK293T cells induced for 24, 48, or 72 hours, we followed the expression of ATP6V1B2, LC3-II, total RPS6KB (referred to hereafter as S6K), and phosphorylated S6K (p-S6K) at residue Thr389 over time. With prolonged ATP6V1B2 induction, we found substantially elevated LC3-II levels and increased S6K phosphorylation, indicative of elevated mTOR activity ( Figure 3A) . We conducted an extensive series of similar experiments in doxycycline-inducible stable lymphoma cells and detected equivalent changes ( Figure 3 ,B-E; note that the induced expression of ATP6V1B2 p.R400Q in some of the lines is lower than that for WT ATP6V1B2 or the p.Y371C mutation). The induction of mTOR activity was not immediate after ATP6V1B2 induction, but rather was delayed.
We also measured mTOR activity in the inducible HEK293T cell lines using various p-EIF4EBP1 epitopes as readouts (Supplemental Figure 3 , A-D) and by monitoring S6K phosphorylation in primary purified FL B cells in fully supplemented medium carrying either WT (n = 5) or mutant (n = 4) ATP6V1B2 (Figure 3 , F and G). Overall, the data again indicated elevated mTOR activity in ATP6V1B2-mutant cells.
As above, we proceeded with complementary experiments in yeast. To determine the effect of the Vma2 R381Q mutation on TOR activity, phosphorylation levels of 3 TOR substrates, Atg13, Npr1, and Gln3 (51-53), were used as readouts (Figure 3 , H-J). TOR phosphorylates these proteins in nutrient-rich conditions; however, during nitrogen starvation, TOR inactivation leads to dephosphorylation of these target proteins, which can be observed by a downward shift in their apparent molecular weight. During growing conditions (time zero), Atg13, nitrogen permease reactivator 1 (Npr1), and a nitrogen-responsive transcriptional regulator (Gln3) showed increased TOR phosphorylation in the Vma2 R381Q cells, as evidenced by decreased mobility compared with the WT cells, indicating that TOR was hyperactive in the mutant strain ( Figure 3 , H-J). After 30 minutes of nitrogen starvation, all 3 substrates displayed increased mobility in extracts from the WT strain, corresponding to a decrease in TOR activity. In contrast, Atg13, Npr1, and Gln3 still showed increased phosphorylation levels in the Vma2 R381Q mutant. This finding suggests that TOR is partially nonresponsive and C), indicative of elevated autophagic flux and normal fusion of autophagosomes with lysosomes in the mutant cells.
We generated various stable doxycycline-inducible lymphoma cell lines expressing WT or mutant ATP6V1B2 and conducted experiments similar to the above-detailed HEK293T cell experiments. Upon doxycycline induction of ATP6V1B2 expression in OCI-LY1 cells, we again detected highly elevated LC3-II levels in the mutants. Like the findings with HEK293T cells, treatment with pepstatin A and E-64D resulted in an additional increase in the levels of LC3-II (Figure 2 , B and C).
We also performed similar experiments with the v-ATPase inhibitor bafilomycin A 1 and found that LC3-II accumulated to a higher level than that detected in the ATP6V1B2 mutants without inhibitor treatment (Figure 2, D-F) .
Next, we followed the protein levels of SQSTM1 (also known as p62) for 12 and 24 hours after induction of WT and mutant ATP6V1B2 proteins (41) . As can be seen in Figure 2 , G and H, SQSTM1 levels declined in the ATP6V1B2 mutants, in agreement with induction of autophagic flux.
To further investigate the effect of the ATP6V1B2 R400Q mutation on autophagy and autophagic flux, we proceeded to test its effects in a yeast model. Sequence alignment showed that the ATP6V1B2 R400Q mutation corresponds to yeast Vma2 R381Q , and we generated a Vma2 R381Q -HA mutation in the genome. As a readout of autophagy activity, we measured GFP-Atg8 processing. Autophagy activation leads to the lipidation of Atg8 (akin to LC3-II in mammalian cells), which in turns leads to Atg8 binding to both sides of the phagophore. A portion of Atg8, or GFP-tagged Atg8, is delivered to the vacuole via autophagy; GFP is relatively resistant to vacuolar hydrolases, and the free form can be resolved and detected by Western blotting. Accordingly, this assay directly monitors the delivery of the autophagosome to the vacuole. The Vma2 R381Q mutant showed increased delivery of GFP-Atg8 and subsequent processing under both growing and nitrogen starvation conditions, which was indicative of elevated autophagic flux ( Figure 2I ). Furthermore, the GFP-Atg8 chimera is under the control of the endogenous ATG8 promoter, and the ATG8 gene was substantially upregulated following autophagy induction. The increase in the amount of full-length GFP-Atg8 seen in the Vma2 R381Q strain, even at time zero, is another indication of upregulated autophagy as a result of the v-ATPase mutation.
As a parallel method of monitoring autophagic induction, we examined the endogenous Atg8 protein through a lipidation assay. The attachment of the Atg8 C-terminus to PE results in a faster electrophoretic mobility relative to nonlipidated Atg8 (42) . The cells expressing Vma2 R381Q showed increased Atg8 lipidation under growing and nitrogen-starvation conditions ( Figure 2J ).
Finally, we measured autophagy activity using the quantitative Pho8Δ60 assay (43) . In brief, Pho8Δ60 is an engineered form of the Pho8 phosphatase that can only be delivered to the vacuole (the yeast equivalent of lysosomes) nonselectively through autophagy. Subsequently, the Pho8Δ60 propeptide gets cleaved by vacuolar hydrolases, thereby activating its phosphatase activity. The Vma2 R381Q mutant showed a significant increase in autophagy activity under both growing and nitrogen-starvation conditions ( Figure  2K ) that was dependent on autophagy related 1 (Atg1); deletion of ATG1 (the yeast homolog of unc-51 like autophagy activating to nitrogen depletion in Vma2 R381Q -mutant cells. Together, the findings in mammalian cells and yeast indicate an mTOR-activated phenotype for FL-associated ATP6V1B2-mutant proteins.
The activation of autophagic flux and intact SLC38A9 functions are necessary for mTOR activation by mutant ATP6V1B2. Next, we decided to investigate the molecular mechanism responsible for the increase in autophagy activity in the presence of active mTOR/ TOR. Considering the central role of ULK1 in autophagy initiation, we measured previously identified regulatory mTOR-and AMPK-mediated phosphorylation events in ULK1 (mTOR: p-757-ULK1; AMPK: p-317-ULK1) in ATP6V1B2 doxycycline-inducible HEK293T and LY1 lymphoma cells. As expected, glucose deprivation strongly increased p-317-ULK1, and leu deprivation reduced p-757-ULK1; however, neither site was substantially influenced by mutant ATP6V1B2 (Supplemental Figure 4 , A and B).
Next, we examined the role of the stress-responsive activating transcription factor 4 (ATF4) (54) . We found that ATF4 protein expression was elevated in doxycycline-inducible HEK293T and LY1 lymphoma cells expressing ATP6V1B2 p.R400Q and, to a lesser degree, ATP6V1B2 p.Y371C, indicative of metabolic stress (Supplemental Figure 5 , A and B). We disrupted ATF4 in stable ATP6V1B2 WT or mutant inducible HEK293T cells using CRISPR-Cas9 targeting. While leucine starvation strongly induced ATF4 expression in the parental cells, its expression was completely lost after ATF4 disruption (Supplemental Figure 6A ). However, LC3-II levels remained highly elevated in the ATP6V1B2-mutant strains lacking ATF4, arguing against a critical role for this transcription factor in autophagic flux initiation by mutant ATP6V1B2 (Supplemental Figure 6B) .
The yeast homolog of ATF4, the amino acid starvation-responsive transcription factor Gcn4, has been implicated in autophagy regulation (55, 56) . Accordingly, we measured the expression of several ATG genes in Saccharomyces cerevisiae carrying Vma2 WT or the Vma2 R381Q -HA-knockin point mutation (55, 56) . Under full-medium culture conditions, we detected substantially elevated expression of these ATG genes in the cells carrying Vma2 R381Q -HA, further confirming the autophagy-inducing properties of the ATP6V1B2 mutants (Supplemental Figure 6C) . Subsequently, we deleted GCN4 or the gene encoding its upstream regulatory kinase GCN2 (EIF2A/eIF2α kinase) in these yeast strains. Despite the deletion of one or both of these genes, the elevated expression of the ATG genes persisted, although there appeared to be a partial reduction in the double-knockout strain, arguing against the GCN2/GCN4 pathway as the critical mediator of autophagy induction in the ATP6V1B2 mutants (Supplemental Figure 6C) .
The second major phenotype resulting from the ATP6V1B2/ Vma2 point mutations was the delayed activation of mTOR/ TOR under nutrient stress (i.e., normally inactivating) conditions. To understand the relationship between activation of autophagic flux and mTOR activation, we generated HEK293T cells null for ATG7, a critical component of the autophagic machinery. We generated clonal HEK293T ATG7 -/-cells that also carried inducible WT and mutant ATP6V1B2 expression cassettes and induced expression of ATP6V1B2 proteins using doxycycline. While the induction of LC3-II and mTOR activation was readily detectable in the ATG7 WT cells that had also gone through the CRISPR-Cas9 targeting process, we observed that both phenotypes were abolished in the ATG7 -/-cells ( Figure   4 , A and B). This finding indicates that the activation of autophagic flux is the primary molecular consequence of mutations in ATP6V1B2 and that intact macroautophagy is required for the observed delayed mTOR activation. The previously reported delayed reactivation of mTOR following starvation has been ascribed to the substantial upregulation of autophagic flux under starvation conditions (57) . We reasoned that increased cargo delivery to lysosomes would activate mTOR through canonical pathways and mechanisms. Given the recently elucidated role of SLC38A9 in amino acid sensing and transport in lysosomes, we proceeded to generate HEK293T SLC38A9 -/-cells (58) (59) (60) . While the induction of LC3-II and mTOR was readily detectable in the SLC38A9 WT cells that had also gone through the CRISPR-Cas9 targeting process as expected, both phenotypes were abolished in the SLC38A9 -/-cells ( Figure 4, C and D) . Combined, the data strongly suggest that increased protein delivery to lysosomes followed by elevated lysosomal amino acid concentrations and signaling through SLC38A9 ultimately results in mTOR activation in the setting of aberrantly persistent elevated autophagic flux conditions.
Mutant ATP6V1B2 confers a defect on the v-ATPase holoenzyme proton pump. Given the central role of the v-ATPase as a proton pump, we proceeded with measurements of lysosomal pH in stable transduced HEK293T cells expressing WT or mutant ATP6V1B2. Cells were loaded with a pH-sensitive dual reporter dye conjugated to dextran and subsequently analyzed using FACS. As controls, cells in parallel were briefly incubated with buffers at a defined pH of 3.5, 4.5, or 5.5, respectively ( Figure 5A , top row), or were treated with bafilomycin A 1 to completely inhibit v-ATPase function ( Figure  5A , bottom row). Whereas treatment with bafilomycin A 1 resulted in an elevated pH in all cells as expected from its ability to completely inhibit the v-ATPase, we detected an acidic lysosomal pH of approximately 4.5 for the ATP6V1B2 WT and an acidic lysosomal pH ranging above 4.5 to 5.5 in the mutant cell lines; therefore, the mutants displayed a reduced ability for acidification ( Figure 5A ; middle row).
We extended this analysis to determine whether the R381Q mutation in Vma2 affects the ability of the v-ATPase to acidify the vacuolar lumen in yeast. To this end, the Pho8 C-terminus was tagged with a pH-sensitive super ecliptic pHluorin (SEP) protein that displays increased fluorescence with higher pH levels (61) . Like the control vma2Δ strain, Vma2 R381Q cells showed increased vacuolar pH compared with that of WT cells ( Figure 5 , B and C) (33) .
Increased lysosomal localization of mutant ATP6V1B2 proteins and increased interaction with the Ragulator complex. The v-ATPase is composed of 2 primary subcomplexes that can associate and dissociate in response to changing nutrient conditions (62, 63) . We tested whether the 2 hotspot mutations in ATP6V1B2 (Figure 1B) affected interaction with ATP6V1A and could therefore have effects on the assembly of an intact v-ATPase. In transient cotransfection studies using HEK293T cells expressing HA-tagged WT and mutant ATP6V1B2 followed by HA-bead-based IPs, we detected no effect of the ATP6V1B2 mutants on the amount of coimmunoprecipitated ATP6V1A (Supplemental Figure 7) .
Next, we used confocal microscopy to assess the amount of WT and mutant ATP6V1B2 localizing to lysosomes. Using fluorescence color changes as a readout for colocalization of ATP6V1B2 and lysosomal-associated membrane protein 1 (LAMP1), an endosomal and lysosomal membrane marker, we detected increased To study the interaction between ATP6B1V2 and the Ragulator (referred to hereafter as LAMTOR1 to LAMTOR5) proteins (49), we transiently cotransfected plasmids encoding HA-tagged WT or mutant ATP6V1B2, together with a mixture of plasmids that express FLAG-tagged LAMTOR1 to LAMTOR5, into HEK293T cells. After cell lysis, we performed reciprocal co-IPs using anti-HA-or anti-FLAG-conjugated beads. Upon immunoblotting of lysates and immunoprecipitates, we detected modestly increased interaction of the mutant ATP6V1B2 protein (anti-HA band) with the LAMTOR complex (compare lane 2 with lanes 3 and 4) (Supplemental Figure 8C) .
Improved survival and growth of lymphoma cell lines carrying mutant ATP6V1B2 cultured under leucine-deprivation conditions. We hypothesized that the dual activation of autophagic flux and mTOR by the FL-associated ATP6V1B2 mutant proteins may confer increased survival or progrowth properties on afflicted lymphoma cells. To test this hypothesis, we used lentivirus-based transient dual sequential transductions of ATP6V1B2 WT and mutant cDNAs into the SUDHL4 lymphoma cell line, and, 48 hours later, -/-HEK293T cells were generated using CRISPR-Cas9 targeting, and independent single-cell clones were expanded. Control ATG7 WT cells were expanded from cells that were subjected to CRISPR-Cas9 targeting but remained intact for ATG7. All clones were subsequently infected with lentiviruses carrying doxycycline-inducible WT or mutant ATP6V1B2. Cells were induced with doxycycline for 72 hours, and cell lysates were prepared for immunoblotting using the indicated antibodies. (B) Results of quantification (p-S6K/t-S6K) of 4 independent experiments using data from all lanes labeled WT, Y371C, and R400Q. Statistical analysis compared the difference of the differences between measurements under ATG7 WT and ATG7 -/-conditions (see Methods). P = 0.06 for Y371C and P = 0.04 for R400Q for ATG7 -/-/ATG7 comparisons (standard regression-based Wald-type tests). Error bars indicate the SD. (C and D) 
SLC38A9
-/-HEK293T cells were generated using CRISPR-Cas9 targeting, and independent single-cell clones were expanded. Control SLC38A9 WT cells were expanded from cells that were subjected to CRISPR-Cas9 targeting but remained intact for SLC38A9. All clones were infected with lentiviruses carrying doxycycline-inducible WT or mutant ATP6V1B2. Cells were induced with doxycycline for 72 hours, and cell lysates were prepared for immunoblotting using the indicated antibodies. (D) Results of quantification (p-S6K/t-S6K) of 3 independent experiments using data from all lanes labeled WT, Y371C, and R400Q. Statistical analysis compared the difference of the differences between measurements under SLC38A9 WT and SLC38A9 -/-conditions (see Methods). P = 0.01 for Y371C and P = 0.01 for R400Q for SLC38A9 -/-and SLC38A9 comparisons (standard regression-based Wald-type tests). (B and D) *P < 0.05, by standard regression-based Wald-type tests. Error bars indicate the SD. we incubated cells in full medium (100% leucine) or in medium with only 25% leucine. We followed cell counts and viability for 9 days after infection. For the cells grown in full medium, we noticed no significant differences; however, for the cells grown in 25% leucine, we measured a significantly greater number of viable mutant cells (Supplemental Figure 9B ; P < 0.05 for both mutants). Data from 4 independent experiments are summarized in Supplemental Figure 9 , A and B, and indicate a survival or growth advantage especially for the cells carrying the ATP6V1B2 R400Q mutation.
Next, we took advantage of the doxycycline-inducible stable cell lines described above. As with the experiments using SUDHL4 cells, we incubated cell lines expressing WT or mutant ATP6V1B2 after doxycycline induction for 48 hours in either fullor limited-leucine medium. Whereas OCI-LY1 cell lines carrying the ATP6V1B2 mutants did not grow as well under full-medium conditions (Supplemental Figure 9C) , both mutant lines survived substantially and significantly better in low leucine concentrations (Supplemental Figure 9, D-F) . Figure 5 . FL-associated ATP6V1B2 mutations reduce the ability of the v-ATPase to acidify lysosomes. (A) Stable HEK293T cells were generated using the doxycycline-inducible lentivirus pCW57.1 carrying WT or mutated cDNAs encoding ATP6V1B2. Cells were induced with doxycycline for 48 hours and loaded afterwards with a pH indicator dye (dextran-conjugated LysoSensor Blue/Yellow) for 12 hours. In parallel, untransfected HEK293T cells, serving as pH controls, were treated with EMS buffer (see Methods) calibrated to pH 3.5, pH 4.5, or pH 5.5. The fluorescence intensity of cell suspensions was read at various wavelengths using flow cytometry. The MFI of the yellow dye fluorescence signal is a measure of lysosomal pH. Bafilomycin A 1 (baf), which completely blocks lysosomal acidification, was used as a control for neutral pH. Ex, excitation; Em, emission. (B) In S. cerevisiae, the C-terminus of the protein Pho8 was tagged with a pH-sensitive SEP protein that increases fluorescence with increasing pH. Like vma2Δ (a knockout strain of the yeast homolog of human Figure 10) . These data provided preliminary evidence that autophagic flux sustains survival of ATP6V1B2-mutated FL B cells. Two recent reports describe the discovery and functional studies of novel ULK1 kinase inhibitors (MRT68921 and SBI-0206965) (64, 65) . We confirmed the ability of both molecules to inhibit phosphorylation of the direct ULK1 substrate ATG13 (Supplemental Figure 11 ) and, on the basis of potency, selected MRT68921 for further studies. Primary purified human FL B cells isolated from lymph node biopsies that carried WT or mutant ATP6V1B2 were treated with escalating doses of MRT68921 and the cell fraction These data support the hypothesis that FL-associated ATP6V1B2 mutations facilitate lymphoma cell growth and survival under conditions of amino acid deprivation, probably through the generation of free leucine resulting from elevated autophagy.
Primary human FL B cells carrying mutant ATP6V1B2 are sensitive to inhibition of autophagic flux.
In preliminary experiments, we incubated purified FL B cells in fully supplemented RPMI 1640 medium and added the autophagy inhibitor bafilomycin A 1 (35) . We determined the fraction of cells that were alive, apoptotic, or dead using ANXA5 (also known as annexin V) and propidium iodide-based flow analyses. We found that FL B cells from 4 of 5 patients carrying mutated ATP6V1B2 showed sensitivity to bafi- Figure 6 . FL-associated ATP6V1B2 mutations increase the viability of primary human FL B cells under leucine-starvation conditions. Purified FL B cells carrying (A) WT (n = 5) or (B) mutant (n = 6) ATP6V1B2 were cultured in dialyzed serum-supplemented RPMI 1640 medium containing either 100% leucine or, depending on the availability of sufficient cells, reduced leucine concentrations (0%, 6.25%, 12.5%, and 25%). FL B cells were cultured, and the cell number and fraction of living cells were determined out to 5 days. (C and D) Summary of the results of the individual data displayed in A and B. Shown is the number of viable cells at various leucine concentrations, divided by the number of living cells at 100% leucine concentration. Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, and ***P < 0.001, compared with results for WT at the same time point (comparisons were done with a t test). Data represent the SD. The lysosomal acidification caused by activated v-ATPase enables activation of a set of lysosome-resident peptidases that facilitate the degradation of proteins delivered to the lysosome. Previous work has demonstrated that autophagosome-lysosome fusion can proceed in the absence of v-ATPase, but the resulting neutral lysosomal pH is unlikely to support the generation of sufficient free amino acids for active cell growth (35) . We found in mammalian cells and yeast that mutated ATP6V1B2/Vma2 was hypomorphic and resulted in modestly impaired lysosomal acidification. Simultaneously, the amount of lysosomal v-ATPase was increased, indicating a compensatory adaptation. In addition, the impaired lysosomal acidification is associated with a substantial increase in autophagic flux, again indicating a compensatory adaptive mechanism. The substantial increase in autophagic flux constitutes one principle mechanism of FL-associated mutations in ATP6V1B2. These findings, combined with a recent report demonstrating an inhibitory role of EP300 in autophagy through PIK3C3 (also known as VPS34) acetylation and the frequent genetic inactivation of EP300 in FL, suggest that mutational activation of autophagy is prevalent in FL (13, 67) .
Somewhat unexpectedly, we detected increased mTOR activity in recombinant lymphoma cells and primary FL B cells and toward various protein substrates in yeast. The activation of mTOR in lymphoma cells carrying inducible ATP6V1B2 transgenes was delayed, which is compatible with a model in which activation of autophagic flux precedes and ultimately results in the activation of mTOR. In support of this model, ablation of autophagic flux through ATG7 inactivation prevented ATP6V1B2 mutants from activating mTOR. Given the previous findings of an inside-out signaling pathway (lysosomal lumen to cytoplasm) for amino acids leading to mTOR activation (27) (68), we generated SLC38A9-knockout cells and confirmed the essential role for this amino acid sensor/transporter in mutant ATP6V1B2-induced mTOR activation.
In the course of these studies, we show for the first time to our knowledge an effect of ATP6V1B2 mutations on the survival that was alive after 48 hours was measured using ANXA5/annexin V-propidium iodide-based flow analyses. We found that FL B cells carrying mutant ATP6V1B2 were substantially and significantly more sensitive to ULK1 inhibitor-induced cell death than were ATP6V1B2 WT lymphoma cells (Figure 7, A and B) .
We also tested the ULK1 inhibitor MRT68921 in combination with mTOR inhibitors (rapamycin or torin 1) or chemotherapeutics (doxorubicin or vincristine) used clinically to treat patients with FL (Supplemental Figure 12, A-H) . We found that ULK1 and mTOR inhibition was antagonistic, which was probably the result of further mTOR inhibitor-mediated elevations in autophagic flux (Supplemental Figure 12, E and F) . In contrast, the combinations of ULK1 inhibitors with doxorubicin and especially with vincristine preferentially enhanced the killing of ATP6V1B2-mutant FL B cells, and in this context it is of interest that vinblastine, a drug with properties similar to those of vincristine, is known to inhibit autophagic flux (Supplemental Figure 12 , G and H) (66) .
In summary, these data uncover a survival addiction to activated autophagic flux in ATP6V1B2-mutant FL B cells, which we posit offers opportunities for the development of novel therapeutic approaches to treat FL.
Discussion
Whole-exome sequencing has begun to provide direction for investigating the genetic basis of FL (11-13, 15, 18, 30) . For example, recurrent mutations in RRAGC and subunits of the v-ATPase in FL suggest a role for amino acid (via the RRAG proteins) and energy-sensing (through the v-ATPase) mechanisms that feed into the regulation of mTOR in the pathogenesis of FL. Whereas mutations in RRAGC activate mTOR in part through facilitated interactions with RPTOR (24, 25) , the functional consequences of mutations in the v-ATPase subunits have remained unexplored. FL-associated mutations in the v-ATPase occur predominantly in ATP6AP1 and ATP6V1B2, the latter of which is a principle component of the multimeric V 1 hexameric subunit of the v-ATPase.
In this study, we set out to address the mechanistic consequences of the heterozygous ATP6V1B2 hotspot mutations p.Y371Y>Y/C (A and B) Primary human purified FL B cells carrying WT or mutant ATP6V1B2 were cultured in serum-supplemented RPMI 1640 medium containing 100% leucine and treated with the ULK1 inhibitor MRT68921 for 72 hours at the indicated concentrations. Cell viability was measured using CellTiter-Glo and was normalized to the viability of cells cultured for 72 hours but left untreated. *P < 0.05, **P < 0.01, and ***P < 0.001 by t test, compared with results for WT at the same time point. Data represent the SD.
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were subcloned into the doxycycline-inducible plasmid pCW57.1 (Addgene, plasmid 41393; deposited by David Root, Broad Institute) using Gateway cloning (Life Technologies, Thermo Fisher Scientific ). Transient transfection studies using HEK293T cells. HEK293T cells were transfected in 10-cm dishes with 3 μg MIP plasmids encoding either WT or mutant forms of ATP6V1B2 or various other constructs as indicated using polyethylenimine (PEI) (Polyscience Inc., 23966).
Generation of stable transduced HEK293T cell lines. HEK293T packaging cells were transfected with 5 μg lentiviral vector (either the vector alone or vector expressing WT or various mutant forms of HA-ATP6V1B2), together with 1 μg REV, RRE, and VSVG plasmids. Viral supernatant media were collected 48-72 hours after transfection and cleared by low-speed centrifugation to remove cells and debris.
SUDHL4 cells were double spin-inoculated at 30°C at 1360 g using 8 μg/ml polybrene for 2 hours on day 0 and day 1 with recombinant FG9 lentiviruses carrying WT or mutant cDNAs encoding HA-ATP6V1B2. The infection efficiency was confirmed on day 3 through FACS on the basis of GFP fluorescence and was greater than 90%. Cells were sorted on GFP high fluorescence.
Generation of stable doxycycline-inducible lymphoma cell lines. The lentiviral expression vector pCW57.1 was used to generate stable doxycycline-inducible cell lines of OCI-LY1, SUDHL4, and SUDHL16. After viral transduction, cells were treated with 2 μg/ml puromycin for 3 to 5 days and dead cells removed using Histopaque-1077 gradient centrifugation (Sigma-Aldrich, RNBF2746) and subsequently cultured in regular medium; cultured pools were used for the experiments described herein. The inducible expression of ATP6V1B2 following doxycycline treatment (1000 ng/ml for 24 to 72 h) was verified by immunoblotting for ATP6V1B2 and HA.
Generation of stable doxycycline-inducible HEK293T cell lines. Stable doxycycline-inducible HEK293T cell lines carrying WT or mutated HA-ATP6V1B2 cDNAs were generated using the pCW57.1 vector as outlined above. The inducible expression of ATP6V1B2 following doxy cycline treatment (1000 ng/ml for 24 to 72 h) was verified by immunoblotting for ATP6V1B2 and HA.
Culture and survival analyses of various stable cell lines in full medium and during leucine deprivation All experiments were performed at ambient O 2 levels and 5% CO 2 . Prior to leucine starvation, SUDHL4 and SUDHL16 cells were cultured in RPMI 1640 medium supplemented with 10% FCS. OCI-LY1 cells were cultured in DMEM supplemented with 20% FBS and 50 μM β-mercaptoethanol. To control for the leucine concentration, we used leucine-free RPMI medium (Sigma-Aldrich, R1780; with re-added Arg and Lys), leucine-free DMEM medium (Sigma-Aldrich, D9443; with re-added Arg and Lys), and dialyzed FCS using dialysis tubing (Sigma-Aldrich, D7884).
Stable SUDHL4 cells expressing WT or mutated ATP6V1B2 were seeded at 5 × 10 5 cells/ml and cultured in full RMPI 1640 medium supplemented with 20% FBS. Parallel cell aliquots were cultured under otherwise identical conditions but using only 25% of the leucine concentration. Doxycycline-inducible stable OCI-LY1 or SUDHL16 cell lines were induced with 1000 ng/ml doxycycline on day 0 and after 48 hours (day 2); cells were seeded at 5 × 10 5 cells/ml and cultured in full DMEM or RPMI medium supplemented with 10% FBS. Parallel cell aliquots were cultured under otherwise identical conditions but using reduced leucine concentrations. Cells were counted every othor growth of lymphoma cell lines and primary FL B cells under experimentally reduced leucine concentrations. These data fully support the hypothesis that lymphoma cells carrying ATP6V1B2 mutations are preferentially able to generate leucine from internal stores, probably through the activation of autophagy. This interpretation is further supported by the fact that the majority of primary FL B cells carrying ATP6V1B2 mutations were preferentially sensitive to autophagy inhibitors. The latter finding may open up new avenues for the treatment of FL, possibly through intermittent inhibition of autophagy (69, 70) , and inhibitors of ULK or PIK3C3 kinases that are in development may be useful in this setting (64, 65, 71) . In summary, our studies elucidate mechanisms of action of FL-associated mutations in components of the v-ATPase and demonstrate for the first time to our knowledge dual activation of autophagy and mTOR, findings that will provide a framework for future biological and therapeutic studies of v-ATPase in FL.
Methods
Patients' characteristics and study source material Results from the Sanger-based resequencing of ATP6V1B2 using template DNA isolated from 144 flow-sorted FL and 14 flow-sorted t-FL cells are reported here. The methods used for FACS of lymphoma specimens have been described previously (12) . Specimens from 85 FL patients and 14 t-FL patients (cohort 1) were obtained from 2 separate lymphoma repositories at the University of Michigan. Furthermore, we performed Sanger sequencing to analyze flow-sorted cellular DNA derived from deidentified leftover clinical material collected between 1990 and 2005 from 59 FL patients (cohort 2), as previously described (72) .
Exon resequencing of ATP6V1B2 in FL Primers were designed to amplify and sequence all coding exons and adjacent intronic sequences of ATP6V1B2 using direct sequencing as described previously (12) . Mutations were confirmed to be somatically acquired using unamplified FL cell-derived DNA and paired CD3 cellderived DNA as templates isolated from flow-sorted cells. 
Reagents and mutagenesis.
A plasmid containing the ATP6V1B2 cDNA (CH817565) was purchased from Vigene and used as a template to generate mutant ATP6V1B2 cDNAs using the QuikChange Lightning Site-Directed Mutagenesis Kit (Stratagene, Agilent). Full-length WT and mutant HA-tagged ATP6V1B2 were constructed using PCR and cloned into the lentiviral FG9 vector (a gift from Colin Duckett, Ann Arbor, Michigan, USA) (73) tran is pH dependent; in an acidic environment, LysoSensor Yellow/ Blue dextran emits in the yellow spectrum, and in a neutral or basic environment, emission is in the UV spectrum. We measured fluorescence emitted at 405 and 526 nm in response to excitation at 355 and 448 nm, respectively, and subtracted the signal from unstained cells (background fluorescence control). Parallel cell samples for pH calibration were generated using fluorescein-dextran-loaded cells and a 25-mM MES calibration buffer (adjusted to a pH of 3.5 to 6.0 in 0.5-pH-unit increments) containing 10 μM monensin, 10 μM nigericin, 5 mM NaCl, 115 mM KCl, and 1.2 mM MgSO 4 .
Localization of WT and mutant HA-ATP6V1B2 in stable transfected HEK293T cells using confocal microscopy Cells were plated on presterilized coverslips. Cells were fixed and permeabilized with 4% paraformaldehyde for 10 minutes at room temperature and subsequently in 0.1% Triton X-100 for 5 minutes at 4°C. Samples were blocked with 4% BSA in PBS for 1 hour at room temperature. Staining was performed using primary antibodies diluted in 4% BSA in PBS. Species-specific conjugated secondary antibodies (Supplemental Table 1 ) were diluted 1:1000 in 4% BSA in PBS and applied for 1 hour at room temperature. Nuclei were counterstained with DAPI (Molecular Probes). The coverslips were mounted onto glass slides with ProLong Gold Antifade Reagent (Invitrogen, Thermo Fisher Scientific, 1811419). Images were taken using a Leica SP5 confocal imaging system. Colocalization assays were performed using ImageJ, version 2.0.0.
IP assays
Cells were pelleted, washed, and lysed on ice for 20 minutes in lysis buffer containing 0.3% CHAPS detergent (Dot Scientific, DSC41010), 100 mM NaCl, 25 mM Tris, pH 8.0 (Sigma-Aldrich, T6066), 20 mM NaF, 2 mM EGTA, and 2 mM EDTA (Sigma-Aldrich, ED2SS), supplemented with protease and phosphatase inhibitors, sodium orthovanadate, and PMSF. The detergent-soluble fraction of the cell lysates was cleared by centrifugation at 17,000 g for 10 minutes. For anti-HA or anti-FLAG IPs, anti-HA-loaded beads (Sigma-Aldrich, A2095) or anti-FLAG-loaded beads (Sigma-Aldrich, A2220) were blocked with 5% BSA in TBST (25 mM Tris, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 0.5 hours and then washed 3 times with lysis buffer. Next, 20 μl anti-HA-or anti-FLAG-conjugated beads were added to precleared cell lysates and incubated with rotation for 5 hours at 4°C. The beads were washed 4 times with lysis buffer, and protein was liberated through boiling in SDS-PAGE loading buffer. Protein was fractionated through SDS-PAGE and prepared for immunoblotting using standard procedures. For immunoblottings, the detergent was 1% NP-40 instead of CHAPS (see IP conditions above), and NaCl was at 150 mM. Vma2-HA plasmid was constructed through fast cloning (79) . Sitedirected mutagenesis of pRS405 Vma2-HA was performed as previously described (80) . Pho8Δ60 and GFP-Atg8 Western blot analyses were performed as previously described (81, 82 (83) .
FL cell column purification through negative selection

Statistics
Statistical comparisons were carried out using unpaired, 2-sample t tests for comparisons between 2 conditions or linear regression for tests involving more than 2 conditions. In the latter case, linear contrasts were constructed and tested against a null value as appropriate using standard regression-based Wald-type tests. For example, if measurements were made under mutant (mut) and WT cells in 2 environments, A and B, the contrast "A:mut -A:WT -(B:mut -B:WT)" would be compared with zero to assess whether the impact of the mutation differed in the 2 environments. Regression models included blot-fixed effects for all measurements obtained from the same blot. Bonferroni adjustments were used when a positive result from any one of several tests would be used to support a single hypothesis.
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Immunoblotting of lysates of cultured primary purified FL B cells
Purified FL cells were resuspended in RPMI 1640 medium supplemented with 20% heat-inactivated FBS at a density of 10 6 cells/ml and cultured at 37°C with 5% CO 2 for 4 hours. Cells were washed once, pelleted, and rapidly frozen using dry ice thereafter. Cell pellets were lysed and prepared for immunoblotting as described above.
Computational methods
Several homology models of the ATP6V1B2 subunit were generated using servers on the Protein Model Portal (https://www.protein modelportal.org/), and structural alignment was performed using PyMOL software. Structures of the yeast v-ATPase were downloaded from the RCSB Protein Data Bank (PDB) (http://www.rcsb.org/; IDs: 3J9T, 3J9U, and 3J9V), and aligned using residues Y352 and R381 in PyMOL software.
Yeast methods
The S. cerevisiae strain WLY176 was used to generate a Vma2-HA R381Q point mutation in the genome as previously described (76, 77) . The deletion strains gcn2Δ, gcn4Δ, and gcn2Δ gcn4Δ were also generated from WLY176 as previously described (78) . The WLY176 Vma2-HA WT/WT and WT/R381Q strains were generated by AflII digestion of a pRS405 plasmid containing either Vma2-HA WT or R381Q. The pRS405
